Living cells display complex signal processing behaviors, many of which are mediated by networks of proteins specialized for signal transduction. Here we focus on the question of how the remarkably diverse array of eukaryotic signaling circuits may have evolved. Many of the mechanisms that connect signaling proteins into networks are highly modular: The core catalytic activity of a signaling protein is physically and functionally separable from molecular domains or motifs that determine its linkage to both inputs and outputs. This high degree of modularity may make these systems more evolvable-in principle, novel circuits, and therefore highly innovative regulatory behaviors, can arise from relatively simple genetic events such as recombination, deletion, or insertion. In support of this hypothesis, recent studies show that such modular systems can be exploited to engineer nonnatural signaling proteins and pathways with novel behavior. 
INTRODUCTION
Living cells must constantly monitor and respond to their environment and internal conditions. In metazoans, individual cells must communicate with and respond to other cells in the organism. Thus, cells require a remarkable array of sophisticated signal processing behaviors that rivals or surpasses that of modern computers. Many of these responses involve processing by networks of cytoplasmic signaling proteins. Here we review recent advances in our understanding of the fundamental design principles underlying the structure and mechanism of eukaryotic signaling proteins, focusing particularly on how they are functionally linked to one another to form complex circuits capable of information processing. We discuss how the modular organization of the polypeptides that participate in signaling may help facilitate the evolution of innovative circuitry and corresponding phenotypes, providing increased fitness in a competitive and changing environment.
EVOLVABILITY OF CELL CIRCUITRY: MAKING NEW CONNECTIONS
How have the incredibly diverse and complex phenotypes observed in modern eukaryotic organisms evolved? A growing body of work suggests new phenotypes rarely arise through the evolution of radically new proteins (1) . Rather, innovation is thought to occur through the establishment of novel connectivities between existing or duplicated proteins to generate new regulatory circuits and thereby new regulatory behaviors (Figure 1a) . This model is consistent with the surprisingly small number of protein-coding genes in even very complex organisms and thus the limited number of protein or domain types observed (2) (3) (4) . Phenotypic diversity and complexity appear to arise from new combinations of proteins and/or protein domains working as a network, not from the generation of completely new protein functions. This strategy is similar to that of electronic circuits-a huge variety of circuits can be built from a finite set of electronic components by wiring them together in different ways. Thus, a critical question is how new input-output connections can be established between biological components.
Connecting Transcriptional Nodes: Structural and Functional Modularity
Although this review focuses on protein-based signaling circuits, it is instructive to consider briefly how new connectivities are generated in transcriptional networks, a different class of biological regulatory networks (Figure 1b) . Transcriptional control is mediated by promoters that respond to signals provided by upstream transcription factors and convert this input into gene expression. Transcriptional nodes are highly modular (1, 5-6a) . First, they display structural modularity: The output region, the coding sequence to be transcribed, is physically separable from the input regions, the cis-acting elements that regulate expression. Second, and perhaps more importantly, they display functional modularity: Input and output components still function when separated and can be recombined to yield new input-output connectivities. For example, insertion of a new cis-acting element into a promoter can place a gene under the control of a new input pathway (6a, 7). Alternatively, inserNode: simplest element of a signaling network that can translate input into output Structural modularity: the ability of a large molecule or system to be physically separated into multiple, structurally independent domains Functional modularity: a domain's ability to function independent of context, allowing transfer of function between diverse molecular systems Functional integration: the consolidation of multiple functions, e.g., input and output, into a single, nondecomposable structural module tion of a new gene behind a promoter can result in a radically new output in response to the same input signal. Even linking input and output elements that have had no previous physiological relationship will often work, in large part because gene expression is controlled by standardized general transcription machinery. Thus, the highly modular structure of promoters allows the input and output elements to be easily transferred to yield novel connectivities. Transcriptional nodes are therefore thought to provide a highly evolvable system (6a, 8) . Recombination of transcriptional input and output components is thought to be a major source of phenotypic variation during evolution (1) .
Classical Regulatory Proteins
Historically, the best-studied regulatory proteins are enzymes involved in metabolic pathways, which lack the modularity of transcriptional nodes and therefore present several fundamental problems with respect to generating new input-output connectivities. The output of an enzyme-the reaction it catalyzes and the products generated-is dependent on precise stereochemical requirements; thus, enzymes cannot easily undergo radical changes in output without compromising catalytic activity. Input control of enzymes can be mediated by allosteric effectors; binding of these effectors at allosteric sites is coupled to specific conformational changes at the active site (9, 10) . The intimate and subtle coupling between allosteric sites and the catalytic center limits the possibility of radically modifying allosteric input control without concomitantly compromising function or stability of the active site. In summary, such metabolic enzymes rarely show structural or functional modularity; the elements that mediate input and output are often found within a single cooperatively folding unit and therefore cannot easily be independently modified. Such systems, which we refer to as being tightly functionally integrated, have less readily 
Modularity of Eukaryotic Signaling Proteins
Signaling pathways involve enzymes that catalyze reactions such as phosphorylation, dephosphorylation, and nucleotide exchange. The input control of such enzymes determines when, where, and by what they are activated. The output control determines what downstream partners these enzymes act upon once activated. Signal transduction enzymes utilize far more modular mechanisms to determine their input-output connectivities than do classical metabolic enzymes (11) . Over the last decade, our understanding of the design principles of signaling enzymes has increased dramatically as a result of mechanistic and structural studies as well as the sequencing of multiple eukaryotic genomes. Signaling enzymes often contain, in addition to their core catalytic function, multiple independently folding domains or motifs that mediate connectivity by interacting with other signaling elements. These modules are found in different combinations with diverse catalytic functions, suggesting insertion and recombination of modules may be a common mechanism of the evolution of new proteins and connections (2) (3) (4) Eukaryotic signaling proteins appear to have developed a range of modular strategies for controlling their input and output connectivities, all of which involve increased functional separation between core catalytic elements and connectivity elements (Figure 1c) . Here we review three basic mechanisms by which the catalytic activity of kinases and other signaling functions are directed and regulated in a modular manner: the use of peripheral docking sites, modular interaction domains, and scaffolding and adapter proteins. Each of these mechanisms can be used to select functional upstream and downstream partners as well as, in many cases, to allosterically regulate catalytic activity. These mechanisms represent a continuum of increasing structural modularity in which catalytic function is separated from the elements that determine its wiring (e.g., scaffolds or adapter proteins represent a separation of catalysis and input control into separate gene products).
We explore the hypothesis that the increasing modularity observed in signaling proteins correlates with higher evolvability: This framework may promote the formation of diverse linkages between catalytic functions via generic, standardized connecting elements. These modular connecting elements may facilitate the evolution of more complex phenotypes, much as standardized components facilitate the design of diverse and complex devices in engineering. We also review an emerging body of work that demonstrates recombination of modular components can be used to rewire signaling pathways in nonnative ways, supporting this hypothesis. Because protein phosphorylation is an important currency of information in a cell and protein kinases are among the best studied of the signaling enzymes (12) , much of our review focuses on the diversity of ways that protein kinases are integrated into signaling pathways.
DOCKING INTERACTIONS: RECOGNITION BEYOND THE ACTIVE SITE
Since Fischer (13) formulated his lock-andkey hypothesis for enzymes at the end of the nineteenth century, biochemists have generally assumed that the substrate specificity of an enzyme was determined primarily by stereochemical complementarity with its active site. Recently, however, a number of signaling enzymes have been characterized in which surfaces distinct from the active site play an equally important role in mediating substrate or partner recognition (Figure 2a) . For example, many proteases have secondary substrate recognition sites referred to as exosites (14, 15) . Similarly, many protein kinases have secondary partner recognition sites referred to as docking sites (16, 17) . Here we focus on kinase docking sites, as these are well understood and most relevant to our focus on intracellular signaling.
As demonstrated over 30 years ago, many protein kinases display clear preferences for the amino acid sequence immediately surrounding the phosphorylated residue in the substrate (18) . Such preferences can now be identified by peptide library-based phosphorylation studies (19, 19a) . However, in many (26) . The 3-phosphoinositide-dependent kinase (PDK)/AGC docking groove, also known as the PDK1 interaction fragment (PIF) pocket, mediates interactions at the N-terminal lobe of the kinase (39) . The glycogen synthase kinase-3 (GSK3) docking groove for binding primed substrates is located on the N-terminal lobe adjacent to the active site (41) , whereas the interacting surface for another ligand, axin/FRAT, is in the C-terminal lobe (140, 141) . The MAPK DEF docking groove for FxFP ligands is adjacent to the active site on the C-terminal lobe (33) . Thus, the highly conserved kinase structure has been exploited on several different surfaces for diverse types of docking interactions. (c) Docking interactions mediate many different types of connectivities within an MAP kinase cascade. MAPKs have docking grooves that interact with cognate docking motifs in activators [MAP kinase kinases (MAPKKs)], inactivators (MAPK phosphatases), substrates, and other pathway modulators such as scaffolds. In addition, MAP kinase kinase kinases (MAPKKKs) have docking grooves on their kinase domains that interact with DVD (domain for versatile docking) motifs on their MAPKK substrates. (d) Some docking interactions regulate enzyme activity in more complex ways than simple localization. Certain docking motifs alter the efficiency of an enzyme (k cat ) through classical allosteric effects, repositioning residues involved in catalysis. Others are involved in regulated interactions with substrates, in which covalent modifications such as phosphorylation can either promote or inhibit a docking interaction. Finally, some enzymes contain weak intramolecular docking motifs that autoinhibit their own activity; such an enzyme can then be activated by displacement of the intramolecular docking interaction by an external docking site on a substrate or other effector. (e) Docking motifs can direct the specificity of enzymes. Whereas a relatively large array of substrates may fit the stereochemical requirements for catalysis at the active site, those with appropriate docking motifs will be selectively used by kinases with cognate docking grooves.
cases, these substrate motif preferences are not sufficient to predict functional connectivity of kinases: Some ideal motifs do not appear to be endogenous substrates, and conversely, some known endogenous substrates do not match ideal profiles (16, 20, 20a) . In addition, certain kinases appear to be quite promiscuous for minimal peptide substrates (16, 20) .
Use of Distributed Surfaces for Recognition
The use of docking site interactions has emerged as a common mechanism used by certain serine (Ser)/threonine (Thr) kinases to achieve both selectivity and regulation (16, 17) . Docking interactions involve a docking groove on the kinase that is distinct from the active site. The docking groove recognizes and confer higher specificity than can be achieved by interactions between the active site and substrate motif alone. Moreover, such increases in efficiency and specificity can be achieved without alteration and compromise of active site function. Docking grooves are found in several Ser/Thr kinase families; here we focus on the mitogen-activated protein kinases (MAPKs) (21, 22) . The best-characterized MAPK docking motif is referred to as the d-box, which is recognized by a conserved groove on the MAPK (23) . The structures of several dbox docking complexes have been solved (Figure 2b ) (24) (25) (26) , revealing the docking groove is on the opposite surface from the active site. Mutation of either the docking groove on MAPKs or of the docking motif on substrates disrupts proper signal transmission (26) (27) (28) .
Many MAPKs have analogous d-box interacting sites, including the mammalian MAPKs p38, c-Jun N-terminal kinase (JNK), extracellular signal regulated kinase (ERK), and the yeast kinases Fus3 and Kss1 in Saccharomyces cerevisiae and Spc1 in Schizosaccharomyces pombe (22, 23, 28-31a) . However, many of these kinases show distinct motifsequence preferences (26, 32) . Presumably the distinct docking and active site specificities work together to increase overall selectivity of kinase-substrate interactions.
Docking grooves can also be found at other locations on the surface of certain MAPKs, such as the groove that recognizes the consensus motif FxFP. This docking groove on the MAPK ERK, referred to as the DEF site (docking groove for ERK, FxFP), has been mapped by hydrogen-exchange studies to lie on the large domain of the kinase, below the active site (33) . Interestingly, the positional relationship of the phosphoacceptor sites and the MAPK docking motifs within substrates can vary. Whereas d-box motifs are located variably with respect to the phosphoacceptor site, FxFP motifs are almost always 10 residues C-terminal to the phosphoacceptor site. Thus, such motifs can play a role in specifically directing which sites are effectively phosphorylated in a substrate bearing multiple potential phosphorylation sites (34) .
Docking grooves have been identified in several families of Ser/Thr kinases, in addition to MAPKs (16) . These docking grooves are distributed across the surface of the kinase domain (Figure 2b ), illustrating how much of the kinase surface can potentially be tapped for this type of additional recognition function. The spatial relationship between the docking groove and active site on the kinase may set the distance constraints between the docking and phosphoacceptor sites in substrates.
Versatility of Docking Interactions in Organizing Kinase Connectivity
Studies of MAPK pathways reveal the importance and versatility of docking interactions in guiding many circuit connections (Figure 2c) . Not only are docking motifs found in MAPK substrates, such as downstream transcription factors, but they are also found in upstream kinases [MAP kinase kinases (MAPKKs)], downregulatory phosphatases, and other regulatory partners, such as scaffold proteins (22, 26, 28, 29, 34a) . More recently, docking interactions have been found to play an important role at a different level in MAPK cascades: Several MAP kinase kinase kinases (MAPKKKs) have been found to recognize peptide docking motifs found in their specific MAPKK downstream partners (35, 36) . Such motifs have been found in yeast and mammalian systems. The motifs appear to bind directly to the kinase domain of the MAP-KKK and to play a critical role in determining MAPKKK → MAPKK specificity.
Regulation via Docking Interactions
In most cases, docking interactions appear to play a relatively passive role as modular specificity control elements: They presumably increase the likelihood of enzyme-substrate encounter. However, in some cases, these interactions appear to regulate kinase function directly (Figure 2d ). For example, there are now several reported cases in which peptide binding at the docking groove can allosterically activate kinase function. Certain d-box docking site peptides can stimulate MAPK catalytic activity or autophosphorylation (24) , whereas others may inhibit activity (25) . FxFP motif binding to ERK appears to be coupled to the positioning of the ERK activation loop (33) . In addition, 3-phosphoinositidedependent kinase-1 (PDK1) interacts with downstream substrate kinases that contain a conserved docking motif known as the PDK1 interaction fragment (PIF). Binding of PIF motifs to PDK1 increases kinase activity (37, 38) .
Another way in which docking motifs can act as regulatory elements is when the docking interactions are themselves phosphorylation dependent. For example, PIF motifs must be phosphorylated before they bind effectively to the PIF pocket and activate PDK1 (PIF motif: Phe-X-X-Phe-pSer/pThrPhe/Tyr). Thus, downstream substrates must be subjected to a priming phosphorylation prior to the interaction with and phosphorylation by PDK1 (38, 39) . A similar priming event is required for phosphorylation of some substrates by glycogen synthase kinase-3 (GSK3), which is part of the insulin signaling pathway. GSK3 substrates must be phosphorylated on a residue that is C-terminal to the Ser/Thr site to be modified by GSK3 (40) . This priming phosphorylation motif binds to a phospho-recognition docking groove adjacent to the active site (41) (Figure  2b) . The priming phosphorylation scheme observed in GSK3 and PDK1 pathways provides a mechanism for making signal processing dependent on a sequence of catalyti- cally distinct phosphorylation events, thereby increasing the specificity and complexity of control.
Finally, docking interactions, because they are critical for proper substrate recognition, can be used as targets for autoinhibition. For example, GSK3 can be inactivated by kinases that phosphorylate its N terminus. This phosphorylation event creates an intramolecular motif that mimics a docking site sequence, binding at the priming phosphate docking groove and occluding downstream substrate recognition (41, 42) .
Evolvability of Kinase Circuits Using Docking Interactions
The development of substrate recognition sites distinct from the actual phosphoacceptor sequence dramatically increases the modularity of kinase interactions and connectivities. Related kinases can develop slightly different docking grooves, thus allowing them to have distinct specificities without evolutionarily taxing the structure and efficiency of the active site. For instance, the closely related yeast MAPKs, Fus3 and Kss1, which function in the mating and invasive growth pathways, respectively, retain docking grooves that equivalently recognize docking motifs on interacting partners shared by the two kinases, such as the MAPKK Ste7, which functions in both pathways (42a). However, they have evolved some degree of discrimination in binding to substrates specific to one pathway: Fus3 binds the docking motif from the mating pathway effector Far1 more tightly than does Kss1 (26) , explaining its selectivity toward this substrate (43) . These short docking peptides that mediate specific recognition can be spliced into potential substrates to mediate a new, specific connection (Figure 2e) .
Nonetheless, docking motifs are limited in their degree of modularity and evolvability. docking motifs can be easily transferred to new substrates, the docking grooves cannot be dramatically altered or transferred to unrelated catalytic activities. Docking grooves are a step toward the separation of recognition and catalysis, but they do not employ generic interactions that could be transferred to new functions. Thus, docking grooves may represent a more ancestral solution to achieving modular connectivities. Interestingly, although docking interactions are prevalent in many Ser/Thr kinases (the more ancient eukaryotic protein kinases), similar docking interactions have not been identified in the more recently evolved tyrosine kinases. Instead, as discussed below, many other catalytic functions utilize structurally independent recognition domains to mediate connectivity-a further step toward more standardized circuit connectivity.
MODULAR RECOGNITION DOMAINS: STRUCTURAL SEPARATION OF CONNECTIVITY AND CATALYSIS
The evolution of metazoans appears to have coincided with an explosion in the use of modular protein domains, including many recognition domains that play a major role in diverse cell signaling processes (2-4) ( Table 1) . These include, for example, domains that recognize peptides [e.g., Src homology 3 (SH3) domains], phosphopeptides (e.g., SH2 domains), and phospholipids [e.g., pleckstrin homology (PH) domains]. The detailed functions of these diverse domains are reviewed elsewhere (44) (45) (46) (47) (48) (49) (50) (51) (52) . Compared with the more specialized Ser/Thr kinase docking sites, such domains represent an even more complete physical separation between elements that (http://smart.embl-heidelberg.de) in Genomic Mode in May 2006 and reflect our current best estimates of the domain contents of the genomes of these organisms; however, since our knowledge of some of these genomes is less than total, some redundancies may exist, leading to artificially inflated domain counts in some cases (61, 62 mediate connectivity from those that mediate catalytic functions.
Increased Recombinational Possibilities
From a genetic perspective, modular interactions offer more flexibility than docking interactions: Both the peptide motifs and their cognate domains can be transferred through simple genetic exchanges such as recombination and insertion. Thus, both an enzyme and its substrate can make new connections by incorporating a relevant recognition domain or motif (Figure 3a) . Circumstantial evidence for this higher degree of transferability can be found by comparing metazoan genomes.
Increasing phenotypic complexity appears to correlate not with the development of new domains (only 7% of human protein families are vertebrate specific), but rather with an increase in the type and number of new domain combinations: Humans have 1.8-fold more distinct protein architectures (arrangements of domains in primary sequence) than do worms and flies (2) . An example of domain mixing and matching is shown in Figure 3b , illustrating how specific regulatory and catalytic domains can be found in many combinations to yield proteins, and therefore pathways, with highly diverse input-output relationships.
Regulation by Modular Domains
Similar to docking sites, modular domains can be used not only to physically link partner proteins but also as regulatory elements (Figure 3c ). Several classes of interaction domains display conditional recognition. These include phosphopeptide recognition domains such as SH2 domains, for which the linkage of a catalytic domain to its partners depends on a prior phosphorylation event (53 are only produced upon activation of phosphoinositide 3-kinase (48) . Modular recognition domains can also play more sophisticated roles in achieving allosteric regulation, most commonly through autoinhibitory mechanisms. Domains can interact in an intramolecular fashion with catalytic domains, either acting as pseudosubstrates or sterically occluding accessibility of the active site (54) . The catalytic function can be specifically switched on by the binding of competitive ligands or by covalent modification events that disrupt the autoinhibitory interaction. In other cases, domains can interact with cognate motifs in a manner that conformationally disrupts catalytic function. In some cases, such as the Src family kinases or the actin regulator neuronal Wiskott-Aldrich syndrome protein (N-WASP), multiple domains function together to stabilize an inactive state of their respective catalytic output domains (55) (56) (57) (58) (59) (60) . In these cases, the proteins can act as sophisticated switches that are able to respond in complex ways to multiple inputs. For example, a protein might approximate an AND gate if two intramolecular interactions must both be disrupted to release the autoinhibited catalytic function. Interestingly, these modular allosteric switches show behavior similar to more conventional allosteric proteins: Switching involves preferential stabilization of a high-activity state by a ligand. However, in the case of modular switches, there is a clear physical and functional separation between the regions of the protein that mediate input regulation and those that mediate output catalytic activity. Not only does this architecture lend itself to increased transferability of function, but modularity may also allow the incremental construction of switch proteins with multiple layers of input control.
The Problem of Domain Discrimination
Although the use of modular domains may allow the rapid generation of new signaling input-output relationships, the expansion of (61, 62) . How can an ordered array of component connectivities be maintained by such a large set of related domains?
Recent studies suggest several strategies have evolved for maintaining domain discrimination. First, domains can diverge so far from other family members that they display distinct, noncanonical recognition profiles (Figure 4a ). For example, some SH3 domains have diverged to no longer recognize PxxP motifs: The C-terminal SH3 domain of the T-cell adapter protein Gads (Grb2-related adapter downstream of Shc) instead recognizes RxxK motifs (63) . This recognition event occurs on a surface distinct from the canonical proline binding pocket (64, 65) . One Gads ligand, hematopoietic progenitor kinase-1, binds primarily through an RxxK motif, but its binding is augmented by a weak secondary PxxP motif, thus illustrating the versatility of this divergent domain (66) . A pair of SH3 domains in p47phox has been found to act as a single unit, using the surface between the two domains to recognize a novel motif (67) . Similarly, noncanonical domains have been found in many other domain families, including the SH2 domain from the protein SAP (also called SH2D1A) that binds unphosphorylated motifs (68) (142), but it is covalently linked to a different set of interaction domains in each case, contributing to distinct modes of deployment of this output activity. Of these interaction domains, the GTPase binding domain (GBD) of WASP is also found in p21-activated kinase (PAK) (143) and is used to direct its binding partner, activated Cdc42, to each of these two diverse proteins. The kinase domain from PAK is reused in many different contexts. The classical example of Src is depicted, in which the kinase domain is joined with several protein interaction domains, including the Src homology 2 (SH2) domain, which regulates the activation state of the kinase and mediates its interaction with phosphotyrosine-containing peptides (55, (58) (59) (60) . This SH2 domain is, likewise, reused in many signaling components, such as the SHIP phosphatase (144) . The phosphatase domain found in SHIP is reused in multitudes of signaling proteins as well, including the recently described voltage-sensing phosphatase from Ciona intestinalis, Ci-VSP. As a result of a fusion of the phosphatase domain with a voltage-sensing domain more traditionally found in voltage-gated channels such as Shaker, Ci-VSP exhibits regulation of its phosphatase activity by membrane potential (145, 146) . Thus, many complex signaling proteins are built from a relatively small toolkit of standardized components that are combinatorially connected. (c) Enzyme regulation by modular domains. Some modular domains only recognize their ligands after covalent modification resulting from other cellular signaling processes, thus linking the connectivity of proteins containing these domains to the regulation of these other pathways. In addition, modular domains are often used to regulate enzyme activity more directly. These domains can participate in interactions that inhibit catalysis, either by sterically blocking access to the catalytic site or by preferentially stabilizing an inactive conformation of the catalytic domain. These inactive states can then be reversed upon exposure to competing ligands that bind to the domains or by covalent modification of the domains or ligands. Abbreviation: pro-rich, proline-rich peptides. domain from protein kinase C-δ, from a class of domains that normally binds phospholipids or unphosphorylated peptides, that recognizes phosphotyrosine motifs (51, 69) .
A second mechanism for increasing domain-mediated specificity is to use multiple domains to recognize dual ligands in a cooperative manner (70) (71) (72) (Figure 4b) . A third mechanism is to use system-wide optimization of the domain interaction network (Figure 4c) . Recent studies in yeast have shown that although many of the ∼30 SH3 domains have overlapping specificity as determined by peptide libraries, there appears to be some level of negative selection against sequences that interact in a highly promiscuous manner (73) . Many physiological partner peptides are optimized for specificity not only by positive selection for binding to the proper domain, but also by negative selection against interaction with competing domains in that genome. Thus, in many cases, individual SH3 domains are only observed to interact with a handful of more than 1500 potential PxxP partners within the genome (74) . Finally, a fourth way to achieve specificity is to segregate domains either through subcellular compartmentalization, differential temporal expression, or tissue-specific expression (Figure 4d ) (73) . Thus, domains with highly overlapping recognition properties might never have to compete for the same targets.
Nonetheless, even with these mechanisms, there likely comes a point at which the information-encoding capability of a domain family is saturated, and increasing signaling complexity may require the development of orthogonal domains. For example, SH2 domains are generally only found in metazoans, and the development of SH2 domains and tyrosine phosphorylation-based signaling in general may have been a prerequisite for the evolution of multicellularity, given its need for increased signaling bandwidth (cell-cell signaling in addition to cell-environment signaling). Interestingly, SH2 domains and receptor tyrosine kinases have recently been identified in choanoflagellates, the closest single-celled eukaryotes to the evolutionary branch point of multicelluarity (75) .
SCAFFOLDS AND ADAPTERS: GENETICALLY INDEPENDENT WIRING ELEMENTS
From an evolutionary perspective, the ultimate separation of catalytic and connectivity elements would be to segregate such functions into distinct proteins, each of which is genetically independent. Such a separation is achieved with scaffold and adapter proteins, which act as organizing platforms that recruit specific catalytic elements and their upstream and/or downstream partners to the same complex. In general, adapters are defined as organizing molecules that link together two partners, whereas scaffolds, in general, are defined as organizing molecules that link together more than two partners (Figure 5a) .
Organization of Signaling Complexes by Scaffold and Adapter Proteins
Diverse scaffold-or adapter-mediated complexes are observed in eukaryotes (76) . For example, cyclins can be thought of as adapters that change the substrate recruitment properties of associated cyclin-dependent kinases (77) . Thus, changes in cyclin expression alter the set of target cyclin-dependent kinase substrates (78) . Many MAPK cascades and protein kinase A (PKA) response pathways are coordinated by scaffold proteins that organize sequentially acting members of a pathway together (79) (80) (81) (82) (83) (84) . In some cases, multiple proteins work together to organize specific pathways (85) . From an informationtransfer perspective, the most important aspect of scaffolding is that it allows catalytic proteins such as kinases to play several distinct roles depending on the complex into which they are assembled (Figure 5b) . For example, the yeast MAPKKK Ste11 is used in three distinct MAPK cascades, each of which responds to distinct inputs and yields distinct outputs: the mating, invasive growth, and PKA: protein kinase A high-osmolarity response pathways. Ste11 can be used for all of these functions because, in at least two of these pathways, scaffold proteins wire Ste11 such that it retains information about what input activated it and is directed to phosphorylate the appropriate substrates (85-89b) . Thus, the subpopulations of Ste11 molecules that participate in different complexes have distinct functions.
Scaffolds and adapters can be built from various interaction components. For example, cyclins interact with both kinase and substrates using highly specialized binding surfaces (77) . However, other organizing factors utilize more modular interaction components. The JNK scaffold JIP (JNK interacting protein) uses a canonical MAPK docking motif to bind to JNK (25) . Some scaffold interactions are mediated by modular domains, with the scaffold bearing either a modular interaction domain or a motif recognized by such a domain (90, 91) .
Regulation by Scaffolds and Adapters
Scaffolds provide many possibilities for complex pathway regulation (Figure 5c ). For example, differential expression of a scaffold can determine if a pathway will function in a particular cell type (92) . Moreover, in some cases, splice variants of scaffolds lacking specific interaction or localization modules have been identified; thus, temporal or tissue-specific control of splicing could alter pathway wiring (92) (93) (94) . In addition, some scaffold-mediated interactions can be subject to independent regulation. For example, receptor tyrosine kinases and the immune signaling scaffolds LAT (linker for the activation of T-cells) and SLP-76 (SH2 domain-containing leukocyte phosphoprotein of 76 kDa) contain multiple protein recruitment sites that must first be tyrosine phosphorylated before they organize a complex of SH2 domain-containing proteins (71, 95, 96 These scaffolds act to insulate the shared signaling component in the appropriate complex, encouraging the appropriate interactions for the pathway in question. Activation is often coupled to scaffold localization in such cases, ensuring the fidelity of signal transmission. (c) As elements that govern the assembly of components of a signaling complex, scaffolds or adapters can contribute in a number of ways to pathway regulation in addition to passive colocalization. First, they can themselves be the target of modifications, either from outside inputs or from elements of the pathway itself in instances of feedback regulation. Such modifications can alter the way in which interactions occur on these molecular platforms, or they can alter the expression or stability of these critical assembly factors. Second, they can contribute to pathway regulation by recruiting both positive and negative regulators, sometimes in temporally restricted ways, to alter pathway dynamics.
control its interactions and recruitment (97) (98) (99) . KSR function can also be regulated by a novel protein called impedes mitogenic signal propagation (IMP), which negatively regulates KSR function by inducing its hyperphosphorylation and sequestration into detergent-insoluble domains, preventing it from assembling the normal Ras/MAPK signaling complex (100). The upstream input Ras apparently has two effects. First, activated Ras disrupts the IMP/KSR interaction and induces IMP degradation, thus freeing KSR. Second, Ras interacts with Raf and KSR to promote positive signaling in the pathway. In all of these cases, modulation of the scaffold or its interactions allows regulation of one specific pathway in a manner that does not necessarily affect other unrelated functions of the same catalytic proteins.
Scaffolds can also be used to precisely shape pathway behavior, in addition to simply determining pathway linkages. For example, pathway output, such as terminal kinase activation, might lead to phosphorylation of the scaffold or other components, leading to positive or negative feedback (101, 101a) . In the well-studied mating pathway in budding yeast, the scaffold Ste5 allosterically activates one of its binding partners, the MAPK Fus3, initiating a negative feedback loop that regulates pathway output (101a). Such scaffoldmediated feedback loops could have strong effects on the temporal activation profile of the pathway as well as its quantitative doseresponse behavior.
In several cases, scaffolds have been found to recruit not only positive acting factors, but also antagonistic negative factors, thus contributing in more complex ways to the shape of the overall signaling response. Some scaffolds recruit both an activating kinase and a deactivating phosphatase. For example, the scaffold JIP-1 (Jnk interacting protein-1) not only binds the MAPK JNK and upstream activators (MAPKKs and MAPKKKs) (102) , it also binds the JNK phosphatase MKP7 (MAP kinase phosphatase-7), targeting it to dephosSynthetic biology: the discipline concerned with engineering biological systems to produce novel biological behaviors phorylate JNK (103) . Another JNK scaffold, β-arrestin 2, binds MKP7 as well, but the phosphatase transiently dissociates from the scaffold upon pathway stimulation, rebinding after 30-60 min (104). Thus, β-arrestin 2 encodes a more sophisticated mechanism for time-dependent pathway activation and inactivation. In addition to MAPK scaffolds, several members of the A kinase anchoring protein family of PKA scaffolds recruit phosphatases as well as PKA (105) (106) (107) . Some scaffolds use other recruitment strategies to achieve this sort of dynamic pattern of activation and inactivation. For example, a number of A kinase anchoring proteins recruit phosphodiesterases such as PDE4, which break down cyclic AMP, locally inactivating PKA in a spatially restricted negative feedback loop that alters pathway response and may contribute to cyclic AMP homeostasis (108, 109) .
The multi-PDZ domain protein InaD acts as a scaffold that mediates Drosophila photoreceptor signaling. InaD assembles multiple members of the G-protein coupled phototransduction cascade, including the G-protein effector phospholipase C, the ion channel Trp (transient receptor potential), and an isoform of protein kinase C involved in downregulation of the response (110) (111) (112) . Thus, InaD appears to play a role not only in accelerating and amplifying the phototransduction response, but also in limiting its timing.
REWIRING SIGNALING PATHWAYS: SYNTHETIC BIOLOGY
Many of the mechanisms described in this review are presented as elements that could facilitate the evolution of new pathway linkages and phenotypes. One approach to testing the evolvability of modular signaling components is to attempt to mimic evolution by using them to create new, synthetic pathways, an approach that is part of the new field of synthetic biology (54, 113, 114) .
Synthetic Scaffolds, Adapters, and Docking Interactions
Several studies have shown that chimeric or synthetic scaffolds and adapters can be used to generate novel, nonphysiological pathways. For example, a chimeric scaffold made from components of the yeast mating and high osmolarity response MAPK pathways can be used to generate a novel pathway that, in vivo, leads to the osmolarity response when cells are stimulated with mating pheromone (Figure 6a) (115) . Even the simple step of transferring an osmoresponse-specific MAP-KKK docking motif from the osmolarity MAPKK (Pbs2) to the mating MAPKK (Ste7) is sufficient to induce cross talk to the mating response when cells are stimulated with high osmolarity (36) . In mammalian cells, chimeric adapter proteins that link growth factor receptors to apoptotic signaling proteins can be used to convert proliferative signals into death signals (Figure 6b) (116) .
Synthetic Signaling Switches
Modular recombination can be used to reprogram the input control of a signaling protein. The actin regulatory factor N-WASP is normally allosterically regulated; it stimulates actin-related protein (Arp)2/3 complexmediated actin polymerization when bound to the GTPase Cdc42 and the phospholipid phosphoinositol-(4,5)-bisphosphate (56, 57) . This regulation is achieved through modular autoinhibitory interactions. Dueber et al. (117) deleted the regulatory domains of N-WASP and replaced them with heterologous modular interaction domains and their cognate motifs. Many of the resulting synthetic proteins showed allosteric regulation: They were basally repressed but could be activated by the addition of competing ligands (Figure 6c) . In many cases, when multiple modular domains were used, the proteins displayed complex signal integration, such as AND-gate behavior requiring the presence of two ligands for potent activation.
Interestingly, the relative ease of generating novel phenotypes from these modular connections can also contribute to the phenotypic manipulation of signaling systems by pathogens or even in stochastic mutations that lead to the development of cancer (49) . For instance, the Yersinia virulence factor YopM acts as an adapter for the human kinases RSK1 and PRK2, directing a nonnative phosphorylation (116) took advantage of the modular design of mammalian signaling components to construct a chimeric adapter protein that generated a novel input-output linkage. By fusing an Src homology 2 (SH2) domain that recognizes a phosphotyrosine on a growth factor-responsive receptor tyrosine kinase to a death-effector domain (DED) that recruits a caspase involved in apoptosis, the authors redirected a proliferative signal input into an output that favors cell death. (c) Dueber et al. (117) rebuilt the naturally occurring modular allosteric switch neuronal Wiskott-Aldrich syndrome protein (N-WASP) by replacing its normal regulatory domains with heterologous modular domains. In this manner, the authors generated variants of N-WASP whose activity was gated in different ways by nonnative inputs, the ligands for the appended modular domains. This simple strategy of recombining two modular domain-ligand pairs onto a catalytic domain yielded a set of proteins with surprisingly diverse gating behaviors depending on subtle variations in parameters such as linker length and binding affinity. Abbreviations: Arp, actin-related protein; EGF, epidermal growth factor; GBD, GTPase binding domain; PIP2, phosphoinositol-(4,5)-bisphosphate. Modified and reprinted from Reference 54, copyright 2004, with permission from Elsevier.
MODULAR DESIGN OF SYNTHETIC DNA MODIFYING ENZYMES
Recent studies have pushed the boundaries of modular design principles in the engineering of synthetic DNA binding proteins. Several groups (126-130a) have constructed libraries of synthetic or naturally occurring zinc finger domains and selected for those that bind to particular 3-bp DNA sequences. If these elements are modular, then multiple zinc fingers could be fused to form multidomain proteins capable of recognizing longer DNA sequences (131, 132) . This strategy has succeeded in a number of cases, with as many as 6 zinc fingers fused to form 18-bp recognition elements (126, 132, 133) . These extended DNA binding motifs can then be fused to output domains that activate or repress transcription or stimulate cleavage or recombination events, generating designer transcription factors, endonucleases, and recombinases with desired sequence specificity (133-139a) . The principles of modular design are critical to the construction of these sophisticated proteins. The challenge of generating a novel, site-specific DNA modifying enzyme can be reduced by combining independently acting modules-multiple recognition domains as well as catalytic elements-into a larger protein with more complex behavior. The ability to generate targeted DNA modifying enzymes on demand has striking implications for functional genomics and gene therapy. event between these two proteins (118) . In addition, the modular organization of signaling proteins can contribute to oncogenesis. Mutational loss or recombination of these regulatory interactions can cause improper activation of important signaling molecules. In the classic case of the v-Src oncogene, a key tyrosine residue involved in an intramolecular interaction with an SH2 domain that autoinhibits the c-Src tyrosine kinase is lost, contributing to oncogenic transformation (119) (120) (121) . Modularity can thus result in a trade-off between evolvability and fragility.
These studies are consistent with the hypothesis that the modular organization of signaling proteins allows for the facile reconnection of signaling components to yield new pathways and biological responses. In addition, these synthetic approaches present a potentially useful way to systematically perturb and alter complex signaling circuits in a way that may facilitate elucidation of basic systems properties controlling complex biological responses. Moreover, these approaches may allow the rational engineering of cells that could carry out new specific therapeutic functions.
CONCLUSIONS: MODULARITY AND EVOLVABILITY OF BIOLOGICAL REGULATORY SYSTEMS
Highly modular architectures are not only found in eukaryotic signaling systems but also in many other systems, including transcription, proteolysis, and cellular trafficking (1, 122, 123) . These systems are characterized by the use of increasingly general, portable elements that can be genetically interchanged to mediate new regulatory connections. The exact domains and motifs that implement these connections vary to some extent, but there may be some pressure to maintain a degree of evolvability in such systems. The reuse of similar modular domains in different contexts represents standardization of the means of communication between protein nodes. Standardization is a central feature of highly complex and evolvable systems (124) .
Why might there be selective pressure to maintain modularity and evolvability, given that cellular systems cannot actually foresee the need to change their response behaviors? Presumably, in a constantly changing and competitive environment, the lack of an ability to rapidly evolve novel responses might prove to be a disadvantage. In many cases, highly integrated, nonmodular systems perform in a more efficient, optimal manner, but such performance would only be optimal for a specific and unchanging environment. Hence, modular systems would be more robust to accommodating and buffering against change. During the course of evolution, as environmental pressures shift, there 7. The principle that modular architecture contributes to the development of complexity can be exploited in the design of synthetic signaling systems, allowing the construction of proteins with novel regulation and behavior from a toolkit of common components.
FUTURE ISSUES TO BE RESOLVED
1. Comparative genomics studies will help illuminate the evolutionary origins of complex signaling proteins and networks.
